The responses of the vacuolar membrane (tonoplast) protonpumping inorganic pyrophosphatase (HI-PPase) from oat (Avena sativa L.) roots to changes in Mg2" and pyrophosphate (PPi) concentrations have been characterized. The kinetics were complex, and reaction kinetic models were used to determine which of the be conserved as a proton gradient if the H+-PPase functions in vivo as a pump (14, 22, 29) . Insight into the conditions under which the H+-PPase operates in vivo, and therefore into its function, would be gained if the substrate and other modulators of its activity were known.
It is now well established that the vacuolar membrane (tonoplast) of plant cells possesses two H+-pumps, one a H+-ATPase3, the other a H+-PPase (10, 14, 21, 22) . The reasons for the presence of two H+ pumps in this membrane remain obscure (14, 22) , and, in particular, the role of the H+-PPase needs to be conserved as a proton gradient if the H+-PPase functions in vivo as a pump (14, 22, 29) . Insight into the conditions under which the H+-PPase operates in vivo, and therefore into its function, would be gained if the substrate and other modulators of its activity were known.
In vitro, vacuolar H+-PPases require both Mg2' and K+, in addition to PPi, for complete activity (7, 20, 26, 27, 29) . However, the response of the enzyme to changes in both [PPi] 0to and [Mg] ,,, can be complex (11, 14, 27, 29) . In a reaction medium containing PPi, Mg2", and K+, the complexes and ions present include free Mg, free PPi, MgPPi, Mg2PPi, K+, and KPPi as well as various protonated forms of the complexes (e.g. 11, 29) . This makes it very difficult to test the effect of individual complexes on the activity of the H+-PPase because the concentration of any single complex cannot easily be changed without altering the concentration of some others. Nonetheless, previous kinetic studies have suggested that the enzyme is activated by both Mg2" and K+ ions and that the substrate is MgPPi (11, 26, 29) . In addition, both free PPi and Mg2PPi might inhibit the enzyme, although this appears to depend on the tissue from which the tonoplast membranes are prepared (11, 27, 29) .
One limitation of the work reported thus far is that the validity of the conclusions drawn from kinetic experiments in vitro has not been tested by quantitative models of the observed data. This paper reports detailed descriptions of the response of the oat (Avena sativa L.) root vacuolar H+-PPase to changes in [Mg] tot and [PPi]t.t. The data are fitted to reaction kinetic models to elucidate the roles of various PPi complexes. The results suggest that the substrate for the enzyme is Mg2PPi and that this complex is also a noncompetitive inhibitor. In addition, the enzyme is activated by free Mg and is competitively inhibited by free PPi. We also show that a variant of this model can describe some of the published kinetics of the Kalanchoe daigremontiana vacuolar H+-PPase (29) .
by separation of microsomal membranes on a 6% (w/w) Dextran-T70 (Pharmacia) step gradient with 250 mm glycerol as the osmoticum (18, 27) .
Measurement of H -PPase Activity
Hydrolysis of PPi was determined by measuring the release of Pi at 250C. The reaction mixture (final volume 0.5 mL) contained 250 mm glycerol, 50 mm KCl, 2.5 ,ug/mL gramicidin-D, 20 mm Hepes-BTP, pH 8.0, and MgSO4 and PPi-BTP at the concentrations indicated. Media (minus vesicles) were preincubated at 250C and the reaction was started by addition of 50 ,L of vesicle suspension containing 2 to 3 ig of protein.
Control treatments contained boiled vesicles. Phosphate release was assayed by a modification (18) of the method of Bencini et al. (1) . All activities are reported on the basis of mol PPi hydrolyzed (Pi release divided by 2). Tetrasodium PPi was converted to its BTP salt by cation-exchange chromatography with Dowex-50W-X8 resin (H+ form) and titration with BTP. Calcium concentrations in the solutions were not routinely controlled (cf. ref. 19 ), but experiments not described here showed that the shape of the response curves to [Mg]0to were not affected when EGTA was included in the assay media.
Measurement of H+ Transport
Development of an acidic pH within the vesicles was measured fluorometrically with quinacrine as the pH probe using an Aminco-Bowman spectrofluorimeter. The excitation and emission wavelengths were 420 and 495 nm, respectively. The assay medium (final volume 2 mL) contained 250 mM glycerol, 50 mm KCl, 0.35 mm EGTA-BTP, 2 AM quinacrine, 25 mm Hepes-BTP, pH 7.4, and MgSO4 and PPi-BTP at the concentrations indicated. Vesicles (20- Equations for equilibrium binding models of enzyme activity were derived by standard methods (24) and fitting to experimental data was judged by eye. The fitting strategy for data from any single experiment involved optimizing parameters for a single curve from that experiment and then assessing the fit of the model to other curves from the same experiment. Successful models were those that were judged to give a good description of all curves from an experiment using a single set of enzyme-ligand dissociation constants. (11, 26, 29) . We also incorporated activation by free Mg for the same reason. However, we were unable successfully to describe the data using such a simple model (not shown). We further modified the model by incorporating competitive inhibition by free PPi or noncompetitive inhibition by Mg2PPi, but although these give some improvement, the fits are still inadequate (e.g. Fig. 3 ). In particular, the models fail to describe the changes in activity at low [Mg] for the observed change in activity if Mg2PPi is the substrate. Therefore, we next examined whether models incorporating Mg2PPi as the substrate would provide a better description of the data.
RESULTS
Again, initial attempts to model the data with a two-site model with Mg2PPi as the substrate and free Mg as an activator were unsuccessful (not shown). We increased the complexity and found one model that was able to fit the data adequately. A schematic representation of the model is shown in Figure 4 . The left-hand cube of the model represents random equilibrium binding of substrate (S = Mg2PPi), or noncompetitive inhibitor (I = Mg2PPi) to the enzyme, and the right-hand cube represents random binding of the competitive inhibitor, free PPi. The move from the lower to the upper plane represents random equilibrium binding of free Mg. The relevant equilibrium constants are modified (indicated by the Greek letters) to ensure microscopic reversibility, a thermodynamic requirement. Hydrolysis of substrate can only occur when free Mg is bound (upper plane of model). To obtain good fits it was necessary to make the EISMg complex catalytically competent, and the proportion of hydrolysis of substrate via this complex is varied by changing the value of the parameter a.
The result of fitting the model to data from an experiment in which response of the H+-PPase to [Mg] ,., was measured at four different fixed [PPi] t0t is shown in Figure 5 . [Mg] t0 (mM) Figure 5 . Figure 4 and using Mg2PPi as the substrate was able to describe adequately the response of the Kalanchoe H+-PPase to variations in [Mg]tot between 0 and 10 mM (Fig. 7) . As well as using Mg2PPi as the substrate, the model also includes activation by free Mg and competitive inhibition by free PPi (11, 26, 29) . However, the previous studies did not undertake quantitative modeling of H+-PPase kinetics.
A model incorporating Mg2PPi as the substrate is able to describe some, but not all, of the kinetics of the Kalanchoe H+-PPase (Fig. 7) . In particular, we could not use the model to explain the decrease in the activity of the Kalanchoe H+-PPase as [Mg] tot was increased from 10 to 100 mi in the presence of 0.1 mm [PPi] tot (see figure 6 in ref. 29 ). This decline in activity was accompanied by an increase in Mg2PPi and a decrease in MgPPi, and White et al. (29) concluded that this strongly supported the notion that MgPPi is the substrate. However, an alternative explanation is that the kinetics are a response to changes in contaminating [Ca] fre.. (Fig. 8) , suggesting that free Ca could have inhibited the enzyme. Because no measurements of [Ca] fr,, were made on the solutions used by White et al. (29) , this explanation is obviously speculative. Nonetheless, the relationship in Figure 8 and the ability of a model with Mg2PPi as the substrate (Fig. 7) to describe some of the data of White et al. (29) suggest that some doubt must remain about the conclusion that MgPPi is the substrate for the Kalanchoe vacuolar H+-PPase. It is interesting that the model fitted the Kalanchoe data without the need to invoke inhibition by Mg2PPi, which may indicate substantial interspecific variation in this property. The reason for such differences, if they are confirmed, remains unclear.
The finding that Mg2PPi is the substrate of the oat root vacuolar H+-PPase suggests that this PPase is distinct from other well-characterized PPases, for which there is good kinetic evidence in favor of MgPPi as the substrate (e.g. 6, 25) . However, Mg2PPi has been shown to be a substrate for the low-activity, T-form of the Streptococcus faecalis PPase (13) It is thought that the vacuolar H+-PPase may be a multisubunit enzyme (5, 23) . This raises the possibility that the enzyme shows cooperative kinetics with respect to certain complexes, and it has been proposed that binding of free Mg to the Kalanchoe H+-PPase is cooperative (29) . We have not explicitly considered such models, but we have found that a noncooperative model could explain some of the kinetics of the Kalanchoe H+-PPase (Fig. 7) , thus demonstrating that cooperativity is not the only explanation for the observed kinetics. It is quite possible that cooperative models could be found that could fit the data for the oat root tonoplast H+-PPase. However, it is unlikely that the fits would be better than those obtained with the multiple binding site model in Figure 4 , and the modeling would be unable to distinguish which of several possibilities is the real description of the kinetics. Therefore, the best approach now would seem to be further biochemical investigations to determine whether evidence for or against the proposed model can be found.
The model we tested assumes that each of the complexes interacting with the H+-PPase requires a different binding site (Fig. 4) Figure 5 and expressed relative to the maximum activity measured in the experiment in Figure 5 . Concentration The Greek letters a through E (see Fig. 4 Figure 4 to variation in ligand concentration, providing that the dissociation constants, the relative rates of hydrolysis of the catalytically active forms, the constants defining microscopic reversibility, and the Vmax (which acts simply as a scaling factor) are specified.
